Terahertz radiation, generated from a biased and asymmetrically excited low-temperature-grown GaAs photoconductive emitter, has been characterized with a 20-m-thick ZnTe crystal using free-space electrooptic sampling. Pronounced coherent emission, originating from longitudinal optical phonon oscillations, has been observed, with a characteristic frequency of 8.7 THz and a decay time of 2.1 ps. In the frequency domain, the sharp spectral features from phonon oscillations superimpose on an ultrabroad (over 20 THz) response from the initial transient. Furthermore, a broad feature around 16 THz is observed, and interpreted as originating from the coherent plasmon-phonon coupled modes.
The generation and detection of coherent optical phonons in semiconductors has been studied previously using both optical transient reflectivity measurements [1] [2] [3] [4] [5] [6] and terahertz (THz) emission spectroscopy. [7] [8] [9] [10] In a polar material, such as GaAs, the electric fields interact with both electrons and optical phonons. Thus after optical excitation, photogenerated carriers can be separated by an electric field, creating electronic polarization, and this polarization, in turn, partially screens the electric field and causes the lattice to oscillate at phonon frequencies. Coherent longitudinal-optical (LO) phonon oscillations in bulk GaAs were first observed through electro-optic modulations of the transient reflectivity. 1 Theoretical investigations 11 predict that coherent LO phonon modes excited in a finite-size volume produce oscillations of macroscopic dielectric polarization, and this is expected to emit electromagnetic radiation at the phonon frequency. Indeed, THz radiation emitted by coherent phonons has been observed in Te, PbTe, and CdTe. 7, 8 However, THz radiation originating from coherent phonon oscillations has not been observed in GaAs photoconductive emitters, despite the fact that photoconductive emitters are the most efficient device for converting visible/near-IR laser pulses to THz radiation 12, 13 and have been widely used for THz spectroscopy and imaging.
We report a time-resolved observation of THz emission originating from the macroscopic polarization associated with coherent LO phonon oscillations in biased lowtemperature-(LT-) grown GaAs photoconductive emitters. The radiation was detected using free-space electro-optic sampling, 14, 15 which allowed the direct measurement of the amplitude and phase of the coherent electromagnetic radiation emitted after pulsed optical excitation. The experimental results give insight into the dynamics of photogenerated carriers and phonon oscillations in semiconductors.
The experimental apparatus for coherent generation and detection of THz radiation has been reported previously. 16 In brief, a Ti:sapphire laser provides visible/near-infrared pulses of 12 fs duration at a center wavelength of 790 nm with a repetition rate of 76 MHz. The output is split into two parts: a 250 mW beam is used for THz generation and a 25 mW beam serves as the probe beam for electro-optic detection using a 20-m-thick (110) ZnTe crystal glued onto a 1-mm-thick wedged (100) ZnTe crystal. Note that for generating ultrabroadband THz radiation, the pump laser beam was tightly focused to a 40-m-diameter spot on the edge of one of the two NiCr/ Au electrodes of the biased LT-GaAs emitter [ Fig. 1(a) inset] , and the LT-GaAs used had a carrier recombination lifetime of 0.4 ps. Furthermore, in contrast to previous experiments, where the THz radiation was collected forwards (that is, after being transmitted through the GaAs substrate), the THz radiation was collected backwards (in the direction of the reflected pump laser beam). As will be shown later, this arrangement minimizes the absorption and dispersion of the THz pulses in the GaAs substrate. In all measurements, the variable delay stage, which provides the time delay between the THz pulse and the probe pulse, was scanned over a distance of 2 mm, providing a spectral resolution of 75 GHz ͑2.5 cm −1 ͒. The whole apparatus was enclosed in a vacuum-tight box, which was purged with dry nitrogen gas to reduce the effects of water vapor absorption. All measurements were performed at room temperature. Figure 1 (a) shows a typical temporal THz wave form from the photoconductive emitter, with Fig. 1(b) showing the corresponding frequency spectrum. In the time domain, pronounced fast phonon oscillations are immediately visible after the initial transient. These represent an observation of THz radiation from optical phonon oscillations in a biased photoconductive emitter. In the frequency domain, the individual phonon spectral features superimpose with an ultrabroad response from the initial transient. The coherent plasmon-phonon coupled modes are responsible for a small broad feature around 16 THz [marked with an arrow in Figs. 1(b) and 2]. Note that frequency components over 20 THz are observed, and this has been previously used to obtain ultrabroadband THz spectra. 16 The main positive peak of the pulse has a rise time (from 10 to 90 % of the peak height) of 60 fs, and a much shorter fall time of 13 fs. The electric field applied to the photoconductive emitter accelerates the electrons and holes and this ballistic acceleration leads to the positive peak in THz emis-sion. The resulting space-charge field, however, screens the electrostatic field. This reduces the driving force on the carriers, causing a reduced carrier acceleration. In addition, it should be noted that the photoconductive emitter is biased at 120 V, and the spatial distribution of the resulting electric field is highly nonuniform, with 80% of the field being concentrated within a ϳ20 m region near the anode. 12 Therefore, a high field (over 30 kV/ cm) is expected in this region, which is well above the Gunn threshold ͑5.3 kV/ cm͒ of GaAs. 9 As the photogenerated carriers gain momentum in the strong external field, they are therefore able to scatter to the side valleys (⌫ to L splitting in GaAs: 330 meV). This explains the strong and fast deceleration observed in our experiments as a fall in THz emission.
In addition to the initial transients caused by the free carrier acceleration and deceleration, the THz signal also demonstrates the oscillation of ions in the polar crystal lattice. This coherent oscillation is initiated by the motion of the photogenerated carriers, since the displacement of these electron-hole pairs in the presence of an external field leads to a small but ultrafast change of the internal electric field. The polar crystal lattice thus becomes excited impulsively as the ions accelerate towards their new equilibrium positions. 9 As a result, a strong THz component, oscillating at the LO phonon frequency, is superimposed on the main pulse.
In order to study the dynamics of the observed phonon oscillations, we calculated the time-partitioned Fourier transform of the THz signal in a confined 2 ps time window. As shown in Fig. 2 , all time-partitioned Fourier transforms are dominated by two peaks at fixed frequencies of 6.2 and 8.7 THz, and almost all other frequency components diminish within the first 0.3 ps after excitation. Furthermore, the amplitudes of the frequency components at 6.2 and 8.7 THz decrease at later times. The relaxation time of the oscillations can be quantitatively determined by fitting the measured time-domain THz signal, with an expression based on two exponentially decaying sine waves
As shown in Fig. 3 , the agreement between the fitted and the measured THz signals is exceptionally good. The best-fit values of 1 and 2 are 6.2 and 8.7 THz, with relaxation times of 3.0 and 2.1 ps, respectively. We attribute the peak at 8.7 THz in Fig. 1(b) as originating from LO phonon oscillations in GaAs. The 2.1 ps relaxation time of this mode depends on the momentum and phonon dephasing via anharmonic interactions. This value is close to the 1.5 ps measured in reflectivity measurements of a GaAs photoconductive emitter, 5 but is smaller than the 5 ps reported for GaAs p-i-n diodes. 9 In explanation, the maximum carrier concentration in our measurement ͑ϳ3 ϫ 10 18 cm −3 ͒ is close to that of Cummings et al. 6 ͑5.6ϫ 10 18 cm −3 ͒, but much larger than that of Leitenstorfer et al. 9 ͑5 ϫ 10 14 cm −3 ͒, suggesting that the relaxation time of the photogenerated carriers is carrier concentration dependent. We note that in their transient reflectivity measurements, Cummings et al. 5 observed both transverse-optical (TO) phonon and LO phonon oscillations in a biased GaAs photoconductive emitter. In our experiments we observed a spectral peak at the LO oscillation frequency and a spectral dip at the TO oscillation frequency. The spectral dip at 8.1 THz can be explained by the reduced coupling efficiency of THz radiation to free space owing to the large value of the refractive index of GaAs near the TO phonon frequency ͑ TO = 8.06 THz͒. 8 We note that THz radiation generated from LO phonons (spectral peak at 8.7 THz) is further enhanced by the increased coupling efficiency of THz radiation from the GaAs substrate to free space owing to the small value of the refractive index of GaAs near the LO frequency. 8, 17 The spectral dip at 5.3 THz and the peak at 6.2 THz arise from the response of the ZnTe detector ͑ TO = 5.3 THz; LO = 6.2 THz͒. 14, 15 It is interesting that we observed the coupled plasmonphonon modes in a biased photoconductive emitter [a broad feature around 16 THz, see Figs. 1(b) and 2] . In polar materials such as GaAs, where LO phonons and plasmons combine into coupled plasmon-phonon modes, one can expect both modes to be excited by ultrafast screening. The frequency of the LO phonon mode is carrier density independent while the frequency of the coupled plasmon-phonon modes [P 1 , P 2 in the inset Fig. 1(b) ] are density dependent. One would expect to see only the density-independent LOphonon oscillations because the density-dependent plasmonphonon coupled modes are smoothed out by averaging over the spatial distribution of the photogenerated carrier density. 11 As a result, oscillations at LO phonon frequencies have been reported in all previous studies, 1-10 while the frequency-dependent plasmon-phonon coupled modes have only been observed for the case of n-doped materials. 4, 10 In our experiment, we directly probe THz radiation emitted from the GaAs photoconductive emitter, which strongly depends on both the photogenerated carrier density and the local electric field. 18 Although the photocarrier distribution generated by the 40-m-diameter laser spot is nonuniform, the emitted signal is dominated by the relatively uniform carrier distribution across the 20-m-wide high electric field region. Consequently, this leads to the observation of radiation at 16 THz originating from coupled plasmon-phonon modes.
It should be pointed out that the observation of THz radiation from coupled plasmon-phonon modes has important implications for practical applications. As shown in the inset of Fig. 1(b) , the frequency of plasmon oscillations, and that of the upper branch of the coupled plasmon-phonon modes in GaAs, is proportional to the square root of the free carrier density. Therefore one can in principle generate efficiently in the mid-IR range (e.g., ϳ30 THz) by increasing the photogenerated carrier density (e.g., ϳ8 ϫ 10 18 cm −3 ), either by increasing the pump laser power or reducing the laser spot size in appropriately miniaturized and optimized photoconductive emitters. Such photoconductive emitters will find use in pump-probe studies in both the mid-IR and far-IR frequency ranges. 19, 20 Figure 1(b) also shows the amplitude spectrum of the THz signal measured after being transmitted through a 0.53-mmthick semi-insulating (SI) GaAs wafer. As expected, the measured spectrum [lower trace of Fig. 1(b) ] shows strong THz absorption owing to single-and multiphonon bands. To further understand the phonon dynamics of GaAs, we once again calculated the time-partitioned Fourier transform of the THz signal in a confined time window of 2 ps. As shown in Fig. 4 , after passing through the GaAs wafer, the different frequency components in the THz pulse arrive at different delay times, with frequency components closer to the reststrahlen band arriving at later times. The frequency components near the reststrahlen band region are thus stored in the material for some time before being radiated. These experimental results (Fig. 4) are fully replicated by numerical simulations (not shown here) using classical electromagnetic wave theory, taking into account the incident THz pulse shape and the frequency-dependent complex dielectric constant of GaAs.
In conclusion, we have investigated the generation of THz radiation in GaAs photoconductive devices. We observed THz emission originating from the macroscopic polarization associated with coherent LO phonon oscillations in biased LT-GaAs photoconductive emitters. These oscillations are at the LO phonon frequency of GaAs and have a relaxation time of 2.1 ps. We also found that the coupled plasmon-phonon modes contribute to the emitted THz radiation. The ultrabroadband (over 20 THz) nature of the THz radiation generated in photoconductive emitters can be used for THz spectroscopy and for studying the dynamics of solids.
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